This paper describes a formal optimization procedure for helicopter rotor blade designs which minimizes hover horsepower while assuring satisfactory forward flight performance. flight analysis programs with a general purpose optimization procedure.
hover and forward flight may be reduced by using new airfoils, tapering the rotor blades, and adjusting the twist, blade root chord and chord distribution for rotor blades with a fixed radius and tip speed.
analytical procedure for designing rotor blades, referred to herein as the conventional approach, which combines a momentum strip theory analysis (based on ref. the designer is required to have significant experience and data at hand. lack of experience and data tends to increase the design time.
The research indicates that the required horsepower for both Reference 6 describes an Using this approach,
Any
To avoid the time-consuming aspects of the conventional approach, formal optimization techniques are being applied t o this design problem.
Optimization techniques have been previously applied (refs. 10-13) to helicopter rotor blade design to improve aeroelastic and dynamic behavior.
For example, in reference 13 optimization techniques were applied to the aerodynamic design of rotor blades to find the twist distribution which minimizes hover horsepower.
involves coupling the hover and forward flight analyses used in reference 6 with a general purpose optimization procedure CONMIN (ref. 14). This approach, which will be referred to herein as the mathematical programing approach, systematically searches for a blade design which minimizes hover horsepower while assuring adequate forward flight performance by satisfying explicit design requirements. This paper describes the application of formal optimization techniques to design advanced helicopter rotor blades, and compares the resulting configurations and design effort with the corresponding configurations and design effort of the conventional approach. The rotor blade aerodynamic design problem can be stated in terms of a The design goal is to reduce design goal and a set of design requirements.
the hover horsepower for a given helicopter with a specified design gross weight operating at a specified altitude and temperature.
forward flight performance is defined by the following three requirements.
First, the required horsepower must be less than the available horsepower.
Second, airfoil section stall along the rotor blade must be avoided, i.e. the airfoil sections distributed along the rotor blade must operate at section drag coefficients less than a specified value neglecting the large drag coefficients in the reverse flow region which occurs inboard from the tip at a given azimuthal angle. In order to maintain lift on the rotor blade, the drag coefficients in this reverse flow region are relatively high, however these drag coefficients can be neglected since the velocities in this region are low. Only the drag coefficients corresponding to velocities greater than a preselected velocity are considered. Third, the helicopter must be able to sustain a specified simulated pull-up maneuver, i.e., the aircraft must operate trimmed at a gross weight equal to a specified multiple (load factor) of the design gross weight for a second specified horizontal velocity V Satisfactory If'
The first two requirements must also be satisfied during the simulated pull-up manuever.
Rotor Blade Design Parameters
The design parameters -point of taper initiation, root chord, taper ratio, and maximum twist -are illustrated in figure 2.
initiation, r, is the radial station where taper begins. The blade is rectangular up to this station and then tapered linearly to the tip. taper ratio (TR) and point of taper initiation (r) to reduce hover horsepower.
When no further reduction in hover horsepower is possible, the twist ( ' c~~~) is The rotor blade is first designed for hover by varying varied and the design process is repeated until the rotor blade configuration with the lowest hover horsepower is obtained. This best hover design is then compromised to meet forward flight and maneuverability requirements by changing the root chord which is primarily influenced by the simulated pull-up maneuver.
avoid retreating blade stall in maneuver and forward flight. necessary to go back and change the first three design quantities (TR, r,
The root chord and the tip chord must be sufficiently large to It is sometimes T ) since the airfoil section lift coefficients required for the maneuver max are larger than those required for hover.
As shown in figure 4 , the designer using the conventional approach is actively involved in manipulating the design variables and making judgements on design changes. The designer may be thought of as the communications link between the hover and forward flight analyses since the analyses are executed separately. This approach involves time-consuming parametric studies and extensive cross-plots.
Mathematical Programing Approach to Rotor Blade Design Overview
The mathematical programing approach uses the same rotor blade performance analyses discussed previously and couples a general-purpose optimization program to the analyses. methods, the problem is defined in terms of an objective function (the quantity to be minimized), a set of design variables (the quantities which are changed in order to minimize the objective function), and a set of constraints (design requirements which must be satisfied). Once the problem has been defined in these terms, the designer is no longer as actively involved in manipulating the design variables as he would be using the conventional When the designer uses optimization 11 is the allowable drag coefficient and cd 9a
The third design requirement -that the helicopter must trim in the simulated pull-up maneuver -is somewhat difficult to translate into a .
continuous mathematical programing constraint.
by determining from the C-81 program whether or not at a specified velocity Vlf the helicopter can trim at a gross weight equal to a load factor This constraint is implemented multiplied by the design gross weight.
an equilibrium flight condition so that the summations of external forces and moments about the center of gravity of the helicopter and the summations of longitudinal and lateral rotor moments acting at the rotor hub are zero (within preassigned limits).
occurs involves an iterative process in C-81.
variables, the C-81 program adjusts 11 independent trim parameters so that the summation of the forces and moments will be zero. A modified Newton-Raphson iterative technique is used to solve the system of equations.
specifies the maximum number of iterations allowed for convergence. in the final design. Violation of this constraint occurs infrequently. Table   1 summarizes the 27 constraints used in the mathematical programing approach.
This constraint is a recovery factor and is not active
ADDlications
The conventional and mathematical programing approaches have been used to obtain rotor blade designs for three Army helicopters: the AH-64 (Apache), the UH-1 (Huey), and a conceptual high-speed high-performance helicopter. In each case the goal is to find, for preselected RPM, rotor blade radius, airfoil sections and distribution, the blade configuration which has the lowest hover horsepower for a given design gross weight and a selected pull-up maneuver. Results which are presented in Tables 2-4 .
Overall the mathematical AH-64 Helicopter
The AH-64 helicopter is a four-bladed attack helicopter with a design gross weight of 14667 pounds and a horizontal forward flight velocity V of H 160 knots. The final AH-64 rotor blade designs obtained using both the conventional and mathematical programing approaches are shown in Table 2 .
(or
programing approach produces a design which had more twist, a point of taper initiation further outboard, and a smaller blade root chord than the conventional approach.
in hover than the conventional design but at the expense of more horsepower required in both the forward flight and maneuver conditions.
(the horsepower required for forward flight) governs the designs obtained by both approaches. In addition, constraint 23 (the section drag coefficient at 240 degrees in maneuver) is active in the final mathematical programing rotor blade design.
The mathematical
The mathematical programing design requires 27 hp less Constraint 1
UH-1 Helicopter
The UH-1 helicopter is a two-bladed utility helicopter with a rotor blade radius of 24 feet and a constant rotor speed of 324 RPM. The goal is to find the rotor blade design which has the lowest hover horsepower for a helicopter with a design gross weight of 8050 pounds and a horizontal forward flight velocity VH of 124 knots. The drive system has 1000 horsepower available.
The pull-up maneuver is represented by a load factor of 1. Final rotor blade designs for the UH-1 using both the conventional and mathematical programing approaches are shown in Table 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 3 3 shape number I Number 1 Airfoil desianation I 
